Nearly all adults with Down syndrome show neuropathology of Alzheimer's disease, including amyloid-b deposition, by their fifth decade of life. In the current study, we examined the association between brain amyloid-b deposition, assessed via in vivo assessments of neocortical Pittsburgh compound B, and scores on an extensive neuropsychological battery of measures of cognitive functioning in 63 adults (31 male, 32 female) with Down syndrome aged 30-53 years who did not exhibit symptoms of dementia. Twenty-two of the adults with Down syndrome were identified as having elevated neocortical Pittsburgh compound B retention levels. There was a significant positive correlation (r = 0.62, P 5 0.0001) between age and neocortical Pittsburgh compound B retention. This robust association makes it difficult to discriminate normative age-related decline in cognitive functioning from any potential effects of amyloid-b deposition. When controlling for chronological age in addition to mental age, there were no significant differences between the adults with Down syndrome who had elevated neocortical Pittsburgh compound B retention levels and those who did not on any of the neuropsychological measures. Similarly, when examining Pittsburgh compound B as a continuous variable, after controlling for mental age and chronological age, only the Rivermead Picture Recognition score was significantly negatively associated with neocortical Pittsburgh compound B retention. Our findings indicate that many adults with Down syndrome can tolerate amyloid-b deposition without deleterious effects on cognitive functioning. However, we may have obscured true effects of amyloid-b deposition by controlling for chronological age in our analyses. Moreover, our sample included adults with Down syndrome who were most 'resistant' to the effects of amyloid-b deposition, as adults already exhibiting clinical symptoms of dementia symptoms were excluded from the study.
Introduction
Down syndrome is a developmental disorder most commonly involving triplication of chromosome 21 and occurring in 1:800 live births (Yang et al., 2002) . Nearly all adults with Down syndrome show neuropathology of Alzheimer's disease by their fifth decade of life (Mann and Esiri, 1989) . The deposition of amyloid-b plaques is purported to be a central event in the pathogenesis of Alzheimer's disease, often occurring decades before the appearance of dementia and other neuropathological signs of Alzheimer's disease (Aizenstein et al., 2008) . The gene for the amyloid precursor protein is located on chromosome 21, thus accounting for the overproduction of amyloid-b in adults with Down syndrome (Bush and Beail, 2004) .
Early amyloid-b deposition may be related to subtle declines in episodic and/or executive functioning, called mild cognitive impairment (Petersen et al., 2001) . Recently, imaging agents such as Pittsburgh compound B (PiB), have enabled in vivo assessment of amyloid-b via PET scanning (Klunk et al., 2004) . Several studies examining amyloid-b deposition as a marker of mild cognitive impairment in older adults in the general population have yielded discrepant results (Jack et al., 2008; Wolk et al., 2009; Rowe et al., 2010; Nebes et al., 2013) . Within the Down syndrome population, Nelson et al. (2011) found that neocortical PiB retention level was unrelated to cognitive functioning after controlling for chronological age. However, cognitive functioning was only indirectly assessed through caregiver reports of difficulties with cognitive tasks (e.g. remembering information).
In this study, we examined the association between amyloid-b deposition assessed using neocortical PiB and scores on an extensive neuropsychological battery in 63 healthy adults with Down syndrome. We hypothesized that (i) the PiB-positive group would be older than the PiB-negative group; (ii) neocortical PiB retention and chronological age would be positively correlated; (iii) the PiBpositive group would evidence slightly lower episodic memory and executive functioning versus the PiB-negative group; and (iv) PiB retention would be negatively associated with tasks involving episodic memory and executive functioning.
Materials and methods

Participants
The sample was drawn from the baseline visit of an ongoing longitudinal study examining the developmental course of amyloid-b and progression to Alzheimer's disease in adults with Down syndrome. Between 2010 and 2013, 28 subjects (44.4%) were evaluated at the University of Pittsburgh and 35 subjects (55.6%) were seen at the University of Wisconsin-Madison. Participants were 530 years of age, with trisomy 21 (confirmed by genetic testing) and a mental age of 530 months. All participants scored in the asymptomatic range (53 CCS score) on the Dementia Scale for Down syndrome (Gedye, 1995) . None of the adults with Down syndrome were reported to be taking memory enhancement or Alzheimer's disease medications or had a medical or psychiatric condition that would impair cognitive functioning or be contraindicated with MRI/PET scans.
Screening measures
Stanford-Binet Abbreviated Battery Intelligence questionnaire
The Stanford-Binet, 5th edition was used to obtain an estimate of intellectual functioning or mental age. The tool has strong reliability and validity (Roid, 2003) and has been used with adults with Down syndrome (Couzens et al., 2011) .
Dementia Scale for Down Syndrome
Caregivers were interviewed using the Dementia Scale for Down Syndrome, a 60-item measure of dementia in adults with Down syndrome. The tool has good specificity and sensitivity (Gedye, 1995) .
Vineland Adaptive Behaviour Scales
The Vineland Adaptive Behaviour Scales, 2nd Edition was completed by caregivers; the total score was used to assess adaptive functioning. The tool has strong psychometric properties (Sparrow et al., 2005) .
Short form of the Severe Impairment Battery
The 26-item short form of the Severe Impairment Battery was used to assess cognitive functioning. This tool was developed for adults with dementia and has been shown to be valid and reliable (Saxton et al., 2005) .
Cognitive functioning Verbal learning and memory
The Cued Recall Test (Zimmerli and Devenny, 1995) assesses verbal learning and memory. The Free Recall Score is the number of objects correctly recalled in free recall trials. The Total Score is the number of objects correctly recalled in free recall and cued recall trials. The Intrusion Score is the number of incorrect responses in the cued recall trials.
The Story Recall Logical Memory I and Logical Memory II subtests of the Wechsler Memory Scale, 4th Edition (Wechsler, 2003) assess immediate and delayed recall of verbal information. The Initial Attempt score is the amount of information recalled across two trials. The Initial-Delayed score is the amount of information retained after a 10-min delay. The tool has been used in adults with Down syndrome and is sensitive to mild memory decline (Brugge et al., 1994) .
Visual memory
The Visual Memory subtests of the Rivermead Behavioural Memory Test for Children (Wilson et al., 1991) assess everyday memory abilities and have been used with adults with Down syndrome (Hon et al., 1998) .
Attention and processing speed
The Wechsler Intelligence Scales for Children-Revised (Wechsler, 1974) Digits Forward assesses short-term auditory memory and has been used with adults with Down syndrome and dementia (Devenny et al., 2005) .
The Corsi Block Tapping Test-Forward assesses visuospatial memory and is a valid measure in individuals with Down syndrome (Schapiro et al., 1992) . The number of items in each correct sequence was used.
The NEPSY Visual Attention subtest assesses visual attention (Visual Attention Accuracy) and processing speed (Visual Attention Time) and has been used as a measure of treatment change in medication trials for adults with Down syndrome (Heller et al., 2006) .
Executive and working memory
The Wechsler Intelligence Scale for Children, 4th Edition Digit Span Backwards assesses the ability to manipulate verbal information while in working memory. It is sensitive to age-associated differences in adults with intellectual disability (Numminen et al., 2002) . The Backward Corsi Span assesses visuospatial short-term working memory and has been used in adults with Down syndrome (Devenny et al., 2005) . For both tests, total number of correct items in each sequence was used. The Stroop Dog and Cat Task, modified by Ball et al. (2008) , assesses executive functioning. The Errors Score is the number of errors made during the switch trial. The Time score is switch trial time minus initial trial time. Performance on this task has been found to be related to memory changes in adults with Down syndrome (Nash and Snowling, 2008) .
Visuospatial construction
The Wechsler Intelligence Scale for Children, 4th Edition Block Design subtest and Haxby extension (Haxby, 1989 ) assess visualspatial construction and have been shown to differentiate non-demented from demented adults with Down syndrome (Schapiro et al., 1992) . The Developmental Test of Visual-Motor Integration, 5th Edition (Beery et al., 2004) assesses visual-motor integration skills. The Purdue Pegboard (Vega, 1969) measures fine motor speed and central executive processing functioning. The Total Hands Score (right and left hand) and Both Hands Score (both hands together) were included in analyses.
Language
The NEPSY-2nd Edition (Korkman et al., 2007) Word Generation Semantic Fluency subtest assesses verbal fluency and is sensitive to language declines in an adult with Down syndrome and dementia (Devenny et al., 2005) . The Expressive-One Word Picture Vocabulary Test (Brownell, 2000) assesses expressive language and has been commonly used in individuals with mild to moderate intellectual disability (Ypsilanti et al., 2005) . Finally, the Peabody Picture Vocabulary Test-Revised (Dunn and Dunn, 1981) measures receptive language.
Image acquisition and analysis
Magnetic resonance imaging
Structural T 1 -weighted 3 T MRI scans were acquired using GE Medical Systems (Wisconsin) and Siemens Magnetom Trio (Pittsburgh) MRI scanners to acquire high resolution volumetric spoiled gradient or MPRAGE sequence, respectively. MRI data were used for PET-MRI registration, brain region definition and magnetic resonance-guided correction of the PET data for atrophy-related CSF dilution.
Pittsburgh compound B-positron emission tomography imaging
The 11 C-PiB was synthesized at high specific activity (42000 mCi/mmol), in batches in excess of 40 mCi. Up to 15 mCi of radiotracer was administered through an intravenous catheter by slow bolus injection (20-30 s). After a 35-min uptake period, the subject was positioned in the PET scanner for a 30-min time series acquisition (from 40-70 min post-injection), followed by a 6-10 min windowed transmission scan to correct for attenuation of the annihilation radiation. PET data were acquired on Siemens ECAT EXACT HR + PET scanners. Time series PET data were reconstructed using filtered back-projection, corrected for photon attenuation, deadtime, normalization, scatter, and radioactive decay.
Image processing and analysis
PET-MRI registration was performed using automated methods (Minoshima, et al., 1993) . Images were re-oriented along the anterior-posterior commissure (AC-PC line) and interframe motion was corrected for on a frame-by-frame basis. Regions of interest were defined on the magnetic resonance images and transferred to the PET data for sampling over single and multiple transverse planes using a technique with high rater reliability (Rosario et al., 2011) . Regions of interest for this report included frontal cortex, anterior cingulate gyrus, parietal cortex, lateral temporal cortex, precuneus cortex, and anterior ventral striatum; subcortical white matter and cerebellum was used as reference regions. PiB retention was assessed using the standardized uptake value ratio determined over the 50-70 min post-injection interval. An average global standardized uptake value ratio retention (Global 6) measure was computed across the regions of interest. The Global 6 region of interest is largely reflective of cortical retention, but also includes striatal retention that previously was noted in some adults with Down syndrome (Handen et al., 2012) . A two-component magnetic resonance-based CSF correction was applied to the PET binding measures to correct for the dilutional effect of expanded CSF spaces accompanying normal ageing and disease-related cerebral atrophy (Meltzer et al., 1999) . See Handen et al. (2012) for further detail on processing and analysis.
Subcortical volumes were calculated for the hippocampus as well as for the striatum (consisting of the right and left caudate and putamen) from structural T 1 magnetic resonance images using the FMRIB software library FIRST (Patenaude et al., 2011) processing stream. Quality was assessed visually by overlaying FIRST-generated subcortical regions on the magnetic resonance image. Of the 63 total scans, nine failed the FIRST processing or were deemed as having motion artefact significant enough to impact volumetric measures, and were not included in analyses. Intracranial volumes were calculated from T 2 magnetic resonance images, which were processed through SPM8's unified segmentation method (Ashburner and Friston, 2005) . The resulting grey matter, white matter, and CSF probability maps were summed and binarized at a manually chosen threshold between 0.1 and 0.3. Two additional scans did not have T 2 MRI acquisitions and were not included in analyses. The subcortical volumes (mm 3 ) of the remaining 52 scans (17 PiB-positive, 35 PiB-negative) were normalized for intersubject variation in head size by dividing by the intracranial volumes (cm 3 ), after Jack et al. (1997) .
Determination of Pittsburgh compound B status
Cut-offs for PiB-positivity were determined using the sparse k-means clustering with resampling as described previously . Participants with PiB retention values exceeding the cut-off point in one (or more) of the brain regions encompassing the Global 6 were defined as PiB-positive. The cut-off points in the present sample were: frontal cortex = 1.71, anterior cingulate gyrus = 1.78, parietal cortex = 1.63, lateral temporal cortex = 1.50, precuneus cortex = 1.73, and anterior ventral striatum = 1.48. This is comparable with procedures used to determined PiB status in previous studies (Jack et al., 2008; Wolk et al., 2009; Rowe et al., 2010) .
Procedure
Day 1: After receipt of informed consent, participants were administered the neuropsychological battery and caregivers were interviewed to complete the Dementia Scale for Down Syndrome and Vineland Adaptive Behaviour Scales, 2nd Edition. Day 2: Participants completed the MRI/PET scans. Day 2 was performed within 5 months of Day 1 [mean = 21.34, standard deviation (SD) = 9.23].
Data analysis plan
Distributions of variables and histograms of the residuals were reviewed; data were found to be normally distributed without skew. An alpha level of P 4 0.05 was used to judge statistical significance for all analyses. Two participants were unable to complete select measures in the neuropsychological battery, due to an inability to understand and/or comply with task instructions. Using a two-sided alpha level of 0.05 and power of 0.80, our sample size (n = 63) allows for the detection of moderate to large effects (cohen's D 5 0.76).
Independent samples t-tests and chi-square statistics and Fisher's exact and Freeman-Halton probabilities were used to identify potential differences in socio-demographic characteristics (age, sex, race/ethnicity, employment status, mental age, adaptive behaviour, medication) and APOE status between the PiB-positive and PiBnegative groups. Pearson correlations, one-way ANOVA and t-tests examined the association between neocortical PiB as a continuous variable and socio-demographic characteristics. Using PiB as a dichotomous variable, one-way analysis of covariance (ANCOVAs) examined potential differences in cognitive functioning in the two groups. Mental age was included in analyses to control for differences in intellectual level. Using neocortical PiB as a continuous variable, multiple linear regressions examined the association between PiB retention and cognitive functioning after controlling for mental age. To understand effects of amyloid-b deposition on cognition separate from normative age-related declines, we re-ran ANOVAs and multiple linear regression analyses controlling for chronological age and mental age.
Finally, to determine if findings were affected by regional atrophy, we conducted independent sample t-tests to compare the anterior ventral striatum volume, the region with the earliest and highest levels of amyloid-b in our sample, between the PiB-positive and PiBnegative groups, using hippocampus volume as a control. The above described ANOVAs and multiple linear regression analyses were then re-run controlling for anterior ventral striatum volume.
Results
Socio-demographic characteristics and Pittsburgh compound B
Of the 63 adults evaluated, 22 (35%) were identified as PiBpositive. Nearly all (n = 21; 95%) of the PiB-positive subjects were above threshold in the anterior ventral striatum. This was the only region above the threshold for 33% (n = 7) of these 21 subjects. Of the remaining PiB-positive subjects, 59.1% (n = 13) were above threshold in anterior cingulate, 54.5% (n = 12) were above threshold in the frontal cortex, 54.5% (n = 12) were above threshold in the lateral temporal cortex, 36.4% (n = 8) were above threshold in the parietal cortex, and 54.5% (n = 12) were above threshold in the precuneus cortex. Table 1 displays the socio-demographic characteristics and APOE status of the two groups. As hypothesized, the PiB-positive group was significantly older than the PiB-negative group [t(62) = À 7.50, P 5 0.001]. Independent sample t-tests and chisquare statistics indicated no significant difference between the groups for any other socio-demographic variables.
Pearson correlations and Student's t-statistic or F-statistic results examined the association between neocortical PiB retention as a continuous variable and the socio-demographic characteristics of chronological age, mental age, race/ethnicity, residence, employment, Peabody Picture Vocabulary Test age equivalent and Vineland Composite. There was a significant positive correlation (r = 0.62, P 5 0.0001) between age and neocortical PiB retention, but no significant correlation with any other variables.
Cognitive functioning and Pittsburgh compound B controlling for mental age
Using neocortical PiB as a dichotomous variable, one-way ANOVAs compared cognitive functioning in the PiB-positive versus PiB-negative groups after controlling for mental age (Table 2 ). There was a significant difference between the two groups in the Cued Recall total (t(1) = 2.18, p = .03), Expressive One Word (t(1) = À 2.33, p = .02) and Rivermead Picture Recognition score (t(1) = À 2.73, p = .01). On all of these measures, the PiB-positive group performed significantly poorer than the PiB-negative group.
Multiple linear regression models controlling for mental age examined the association between neocortical PiB retention as a continuous variable and performance on the neuropsychological battery (Table 3) 
Cognitive functioning and Pittsburgh compound B controlling for mental age and chronological age
To disentangle the effects of amyloid-b deposition on cognitive functioning from normative age-related declines, one-way ANOVAs and multiple linear regression analyses controlling for both chronological age and mental age were re-run (Tables 2  and 3 ). After controlling for chronological age, there was no longer a significant difference between the two groups on any neuropsychological measures. In the multiple linear regression models, only the negative association between neocortical PiB retention and the Rivermead Picture Recognition score (b = À 2.62, SE = 1.27, p = .04) remained significant. Thus, PiB group status did not influence between-person differences in cognitive functioning independent of chronological age. To illustrate this point, Fig. 1 displays the association between the Free and Cued Recall Total Score and chronological age for the PiB-positive versus PiB-negative groups.
Cognitive functioning and Pittsburgh compound B controlling for regional atrophy
To investigate if any of the results were influenced by regional atrophy, we examined volume in the anterior ventral striatum in the PiB-positive versus PiB-negative groups, the area with the earliest and highest levels of amyloid-b, and the hippocampus. As shown in Table 4 , independent sample t-tests indicated that there were not significance differences between the PiB-positive and PiB-negative groups for the right (t(50) = 0.02, P = .86), left (t(50) = 0.78, P = .44), and total hippocampal (t(50) = 0.32, P = .75) volumes. However, the PiB-positive group had significantly lower left (t(49.14) = 2.68, P = .01), right (t(48.41) = 2.81, P 5.01), and total anterior ventral striatum (t (49.46) = 2.99, P 5 .01) volumes than the PiB-negative group. The above ANOVAs and multiple linear regression analyses were re-run controlling for mental age, chronological age, and total anterior ventral striatum volume. The pattern of findings remained the same.
Discussion
The present study builds on the small body of research examining in vivo assessments of amyloid-b deposition via PiB retention in adults with Down syndrome to understand the early developmental course of Alzheimer's disease. Findings indicate that many adults with Down syndrome can tolerate amyloid-b deposition without deleterious effects on cognition. As a dichotomous variable, subtle differences between the PiB-positive and PiBnegative groups were found on measures of verbal and visual episodic memory as well as on a measure of expressive vocabulary, when controlling for mental age. However, these differences became non-significant when chronological age was also Chronological age was associated with neocortical PiB retention, which was expected and is in line with previous work (Jack et al., 2008; Wolk et al., 2009; Rowe et al., 2010; Nelson et al., 2011) . Adults with Down syndrome who were PiB-positive were, on average, 10 years older than those in the PiB-negative group. In our regression models, chronological age accounted for 39% of the variability in PiB retention. This robust association makes it difficult to discriminate normative age-related declines in cognitive functioning from any potential effects of amyloid-b deposition; thus, we may have obscured true effects of amyloid-b deposition by controlling for chronological age in our analyses. It is also likely that our sample included adults with Down syndrome who were most 'resistant' to the effects of amyloid-b deposition, as adults already exhibiting clinical symptoms of dementia symptoms were excluded. However, within-person analyses may reveal associations between amyloid-b and cognitive declines over time.
Our sample was also limited to adults with Down syndrome with a mental age 530 months, which restricted variability in cognitive functioning, and potentially made it more difficult to detect subtle associations. Finally, the sample may also not have been large enough to detect subtle differences in cognitive functioning related to amyloid-b.
In the present study, we examined neocortial PiB standardized uptake value ratio in six regions of interest, which is consistent with previous work (Wolk et al., 2009; Rowe et al., 2010; Nelson et al., 2011) . In the study sample, amyloid-b deposition first occurred in the striatal region. Therefore, we re-ran analyses using striatal PiB retention as opposed to neocortical PiB retention. The pattern of findings remained the same; after controlling for mental age and chronological age, striatal PiB retention (as a dichotomous and as a continuous variable) was not significantly related to cognitive functioning. Analyses were also re-run controlling for anterior ventral striatum volume to ensure that regional atrophy was not obscuring effects of amyloid-b; the pattern of findings remained the same. We limited our follow-up investigation to the anterior ventral striatum, as this was the region with the earliest and highest amyloid-b levels. However, future studies should include examination of the impact of atrophy in other brain regions as well as an investigation of the impact of regional differences in amyloid-b deposition on specific domains of cognitive functioning. In conclusion, although adults with Down syndrome are at high risk for developing the neuropathology of Alzheimer's disease, our findings indicate that many adults with Down syndrome can tolerate amyloid without deleterious effects on cognitive functioning. 
